INTRODUCTION
Air quality is frequently related to the amount of dust, biological agents and volatile organic compounds present in the atmosphere (Guieysse et al. 2008) . About 20-40% of VOCs are aromatic hydrocarbons mostly composed of benzene, toluene, ethylbenzene and different forms of xylene, commonly known as BTEX (Zalel et al. 2008) . Aside from its known volatility and stability (Kwong et al. 2008) , compounds belonging to BTEX are classified as Hazardous Air Pollutants (HAPs) which can cause mild to severe health problems such as central nervous system damage, respiratory irritation and cancer (Durmusoglu et al. 2010) . In response to this, the US Occupational Safety and Health Administration (OSHA 2004) set regulatory values for exposure to these compounds such as only 1 ppm and 200 ppm for an 8 h work day for benzene and toluene, respectively.
As a result of the urgent need of depolluting air, VOC decomposition is explored. Several studies showed the efficiency of non-thermal plasma catalysis (Guo et al. 2006) , condensation, membrane separation, biofiltration (Quoc An et al. 2011; Zhao et al. 2011) , adsorption (Areerob et al. 2015; Yakout & Daifullah 2014; Yang et al. 2013) , photocatalysis (Luo et al. 2006; Momani & Jarrah 2009 ) and catalytic oxidation (Jothiramalingam & Wang 2007; Santos et al. 2010) in the decomposition of VOCs present in the atmosphere. Though some processes are found to be effective, the ease of performing the process and the means of producing its precursors must also be taken into consideration. Complete oxidation of toluene and benzene produce carbon dioxide and water, thus the catalyst must have excellent hydrophobicity to avoid water from blocking the active sites of the catalyst. In addition to this, a less expensive synthesis method is also an advantage so removal of calcination process would also be beneficial.
In this work, thermal catalytic oxidation (Azalim et al. 2013 ) was used to decompose toluene and benzene. Octahedral molecular sieve (OMS) type manganese oxide was used as the catalyst since it is known to be hydrophobic, porous and selective to organic compounds (Schurz et al. 2009; Yodsa-nga et al. 2015) . This catalyst was prepared by hydrothermal method without calcination to make the synthesis time shorter and the synthesis method less expensive. The catalyst characterizations were carried out by using X-ray diffraction (XRD), X-ray absorption near edge structure (XANES), scanning electron microscopy (SEM) and Brunauer-Emmett-Teller (BET) nitrogen adsorption technique. Central composite design (CCD) was used to get the main and interaction effects of gas hourly space velocity (GHSV) and temperature and to obtain the optimum conditions in the thermal catalytic oxidation of toluene and benzene.
MATERIALS AND METHODS

CHEMICALS AND REAGENTS
All chemicals used in this study were of analytical grade. Manganese actetate tetrahydrate (Mn(CH 3 COO) 2 ·4H 2 O, 99%), potassium permangante (KMnO 4 , 99%), and glacial acetic acid (CH 3 COOH) were purchased from ACROS Organics, UNIVAR and QRëC, respectively.
PREPARATION OF SYNTHESIZED NEST-LIKE K-OMS 2 CATALYST
K-OMS 2 catalyst were prepared using the process that we used in our previous work (Yodsa-nga et al. 2015) . Mn(CH 3 COO) 2 ·4H 2 O and KMnO 4 solutions were mixed together in a beaker with constant stirring. The pH of the mixture was then adjusted by glacial CH 3 COOH until it became acidic. Then, it was transferred inside a 145 mL Teflon-lined autoclave and was placed inside an oven at a temperature of 103°C for 3 h to undergo hydrothermal process. This setting was found to be the optimum condition to prepare K-OMS 2 catalyst based on the CCD result of our recent study of K-OMS 2 fabrication where % toluene removal was used as the response and hydrothermal time and temperature were used as independent factors (Millanar et al. 2014 , respectively. The data reduction including background removal, normalization and linear combination fit (LCF) were performed using the Athena program according to our previous work (Yodsa-nga et al. 2015) .
THERMAL CATALYTIC OXIDATION PERFORMANCES
Thermal decomposition of toluene was carried out by K-OMS 2 catalyst. Toluene was maintained at -3°C and was supplied by an evaporator. It was mixed then passed through an evaporator to mix with zero oxygen. The mixture was then supplied to the reactor containing 0.01 g of K-OMS 2 catalyst and controlled by a temperature controller as shown in Figure 1 . Amounts of r e m a i n e d toluene were measured using gas chromatography with thermal conductivity detector (GC-TCD, Shimadzu 8A/TCD detector with Gaskurapack 54 column) that was connected to the end of the reactor tube.
The same process was carried out with benzene. However, benzene was maintained at 8°C. Toluene and benzene concentrations were about 7867 and 53589 ppmv, respectively. Calculation of the amount of toluene and benzene was based on previous studies (Doucet et al. 2006; Yodsa-nga et al. 2015) .
Sensitivity analysis using CCD was performed to study the effects of GHSV and reaction temperature on the percent decomposition of toluene and benzene. Table 1 shows the independent parameters for the decomposition process. The results were then plotted and compared to check the main and interaction effects of GHSV and reaction temperature and to obtain the optimum settings for toluene and benzene removal.
RESULTS AND DISCUSSION
PHYSICAL CHARACTERISTIC PROPERTIES
The catalyst obtained was characterized using XRD, SEM and BET. XRD pattern shown in Figure 2 (a) shows a crystalline K-OMS 2 catalyst with its peaks located at around 2θ = 12. 8°, 18.5°, 28.9°, 37.5°, 42° and 50° (JCPDS 29-1020) and is in good agreement with that obtained by Atribak et al. (2010) . The SEM image obtained in Figure 2 (b) is also consistent with the network of nest-like morphology of K-OMS 2 catalyst. This morphology has the highest activity in p-chlorotoluene to p-chlorobenzaldehyde oxidation as compared to fibrous-like, dendritic-like and rod-like morphologies, respectively (Deng et al. 2014) . The BET surface area of K-OMS 2 catalyst obtained was found to be 49.97 m 2 g -1 . This is consistent with that obtained from other studies (Jothiramalingam et al. 2006; Hu et al. 2010) but is lower than the surface area of K-OMS 2 catalyst produced in our previous study which is 76.72 m 2 g -1 (Yodsa-nga et al. 2015) , in which K-OMS 2 catalyst was prepared at aging temperature and time of about 75ºC and 21 h, respectively.
The XANES spectra of manganese standards and K-OMS 2 sample were illustrated in Figure 3 . The positions of the pre-edge energy, shoulder and white line peak in XANES result of K-OMS 2 catalyst were compared with the standard. The pre-edge energy and white line peaks present in K-OMS 2 spectra were similar to that of the spectrum of MnO 2 in After toluene was evaporated to the pack bed reactor, the effluent was supplied directly to a gas chromatograph, which was used to measure the remaining amount of toluene. The same process was also performed to measure the remaining amount of benzene. Equation (1) was used to calculate percent toluene and benzene removal.
(1) . The contributions of manganese species were investigated by using linear combination fit (LCF). The fitting was carried out by using photon energy range of -20 where Y is toluene or benzene removal (%); and C o and C t are initial concentrations and remaining concentrations, respectively. The results are shown in Table 2 .
Analysis of variance (ANOVA) shown in Tables 3  and 4 was done to check the significance of the main and interaction effects of GHSV and reaction temperature. Both the main and interaction effects of GHSV and reaction temperature were found to be significant for toluene removal. However, only the main effects of GHSV and reaction temperature were found significant for benzene removal.
The regression models for toluene and benzene removal are given in (2) and (3) where A corresponds to GHSV; B is the reaction temperature; A 2 is the high increase in GHSV; B 2 is the high increase in reaction temperature; and AB is the interaction between GHSV and reaction temperature.
From (2), GHSV (A) has highly positive coefficient. This indicates that when GHSV slightly increased, toluene oxidation will also increase. However, high increase in GHSV (A 2 ) has highly negative coefficient which means that high increase in GHSV decreases toluene removal. These values are further explained by the plot of main effects for toluene removal shown in Figure 4 (a). A small increase in GHSV from 18177 to 48000 h -1 caused only a small increase in toluene removal due to accumulation of toluene on the surface of the catalyst which hindered thorough toluene oxidation. On the other hand, an increase in GHSV from 48000 to 120000 h -1 led to high increase in toluene removal. Since toluene was mixed with zero oxygen, an increase in GHSV also increased the flow of oxygen on K-OMS 2 catalyst surface. This led to further K-OMS 2 catalyst activation. Finally, an increase in GHSV from 120000 to 221823 h -1 decreased toluene removal. Very high GHSV does not favor thorough toluene oxidation due to short retention time to adsorb and react between toluene and oxygen on active site of K-OMS 2 catalyst. In addition to this, at GHSV of 120000 h -1 , maximum toluene removal was already obtained so the additional oxygen caused by further increase in GHSV happened to be in excess and didn't cause any further removal. However, a high increase in GHSV has highly negative coefficient because a very high GHSV does not favor thorough toluene oxidation due to short retention time. This equates to short adsorption time that decreases the amount of time for oxygen on the active sites of K-OMS 2 to react with toluene.
An increase in the reaction temperature from 207.574°C to 220°C has no significant effect on toluene removal since activation of K-OMS 2 catalyst at this temperature has not been reached. However, at a range of 220°C to 250°C, an increase in toluene removal was observed. This is consistent with the predicted increase in reaction rate at a higher reaction temperature. Conversely, a decrease in activity happened from 250°C to 280°C. The same result was obtained by Santos et al. (2009) where they observed a strong adsorption of toluene to cause a decrease in the catalytic activity. This was explained in their other study (Santos et al. 2012) where they found Although the lack of fit for both toluene and benzene decomposition were both significant, it was caused by the computed values which were greater than 100% while the maximum experimental value was only 100%. In addition to this, since the runs were just repeated measurements for every GHSV and reaction temperature setting, the pure error may have been underestimated which caused it to be much lower than its real value. Because of this, the lack of fit is not a valid criterion to decide to accept or reject the regression model made. Thus, R 2 values and residual plots must also be considered.
R 2 values of 94.06% and 97.30% were obtained for toluene and benzene removal, respectively. These values are considered close to 100% which means that the regression models have good approximations of the experimental values for both experiments. The residual plots in Figure 5 also show good normal probability and data distribution and constant variance for both experiments. From these criteria, the regression models were satisfied the assumptions made in the ANOVA (Suwannaruang et al. 2015; . The residual plots for both toluene and benzene removal are in Figure 5 (a) and 5(b), respectively. ). The exothermic reaction may have caused an increase in temperature in the system which was then responsible in further decomposition of the adsorbed toluene and toluene from the inflow.
On the other hand, the main effects for benzene removal are shown in Figure 4(b) . An increase in GHSV only caused a small increase in benzene removal due to the slight replenishment of oxygen that helped in the activation of K-OMS 2 catalyst. However, an increase in reaction temperature increased the benzene removal due to higher rate of reaction. Furthermore, a decrease in benzene removal for a certain temperature range was not observed which means that benzene was not strongly adsorbed on the surface of K-OMS 2 catalyst.
In addition to this, the intensity of the main effects can be seen in (3) The main and interaction effects are both significant for toluene removal because toluene decomposition under K-OMS 2 catalyst mainly happens on the surface of K-OMS 2 catalyst. The reaction is then affected by the amount of oxygen on the surface on K-OMS 2 catalyst, controlled by GHSV and the rate of reaction, controlled by the reaction temperature. On the other hand, only main effects of GHSV and reaction temperature were found to be significant for benzene because interaction of GHSV and reaction temperature does not greatly affect the decomposition inside the tunnels of K-OMS 2 catalyst.
Furthermore, as stated in Table 2 , toluene oxidation was already complete at 250°C, while only around 98% of benzene was oxidized at a temperature as high as 292.4°C. This is because benzene is composed of a stable aromatic ring and toluene has a CH 3 group attached to it. This CH 3 group could be oxidized first and could activate the aromatic ring through inductive effect and could make it more reactive and easier to be oxidized compared to directly attacking the benzene ring (Genuino et al. 2012) . Also, the effect of relatively lower surface area of K-OMS 2 catalyst as compared to our previous work (Yodsa-nga et al. 2015) hindered the migration of benzene compounds into the tunnels and led to incomplete decomposition of benzene. Since tunnel structures of K-OMS 2 catalyst is 4.6×4.6Å, benzene molecule (size 3.3 × 6.6 Å) which is smaller than the tunnels, tend to migrate into the tunnel structures (Hu et al. 2008) . This means that benzene decomposition is dependent on the surface area of K-OMS 2 catalyst. Toluene molecule (size 4.0 × 6.6 Å) is close to tunnel structures of K-OMS 2 (Hu et al. 2008) . Therefore, toluene mainly adsorbed on external surface area of K-OMS 2 catalyst. Figure 6 (a) and 6(b) shows the contour and surface plots for toluene and benzene removal. Although the interaction between GHSV and reaction temperature was found to be significant for toluene oxidation only the contour plots of the two decomposition processes can be further compared. For toluene, the contour plot formed a circular pattern having the highest activity at the innermost part of the contour plot. This gives an optimum condition at a relatively lower GHSV and temperature which corresponds to GHSV value of 125,304 h -1 and reaction temperature of 246.15°C. On the other hand, looking closely at the contour plot for benzene oxidation, it almost has the same pattern. However, the plot corresponds to the upper half of the circular pattern shown in toluene. In addition to this, the highest catalytic activity for benzene is observed at the outermost layer which corresponds to an optimum condition at a high GHSV value of 189,688 h -1 and a high reaction temperature of 289°C. 
CONCLUSION
Octahedral molecular sieve type manganese oxide is an effective catalyst for toluene and benzene removal. Toluene was easily oxidized due to its less stable structure compared to benzene. Although these compounds are hard to oxidize, 100% toluene removal and around 98% benzene removal were obtained. In addition to this, no byproducts was formed due to complete oxidation reactions. For toluene decomposition, the reaction occurred through the adsorption of toluene on the external surface K-OMS 2 catalyst, while benzene oxidation occurred through the migration of benzene into the tunnels of K-OMS 2 catalyst. Hydrothermal process was also found to be an efficient way to synthesize K-OMS 2 catalyst since this process requires relatively lower time and temperature and no calcination is needed to obtain crystalline K-OMS 2 structure.
